Homeotic selector (Hox) proteins often bind DNA cooperatively with cofactors such as Extradenticle (Exd) and Homothorax (Hth) to achieve functional specificity in vivo. Previous studies identified the Hox YPWM motif as an important Exd interaction motif. Using a comparative approach, we characterize the contribution of this and additional conserved sequence motifs to the regulation of specific target genes for three Drosophila Hox proteins. We find that Sex combs reduced (Scr) uses a simple interaction mechanism, where a single tryptophan-containing motif is necessary for Exddependent DNA-binding and in vivo functions. Abdominal-A (AbdA) is more complex, using multiple conserved motifs in a contextdependent manner. Lastly, Ultrabithorax (Ubx) is the most flexible, in that it uses multiple conserved motifs that function in parallel to regulate target genes in vivo. We propose that using different binding mechanisms with the same cofactor may be one strategy to achieve functional specificity in vivo.
Homeotic selector (Hox) proteins often bind DNA cooperatively with cofactors such as Extradenticle (Exd) and Homothorax (Hth) to achieve functional specificity in vivo. Previous studies identified the Hox YPWM motif as an important Exd interaction motif. Using a comparative approach, we characterize the contribution of this and additional conserved sequence motifs to the regulation of specific target genes for three Drosophila Hox proteins. We find that Sex combs reduced (Scr) uses a simple interaction mechanism, where a single tryptophan-containing motif is necessary for Exddependent DNA-binding and in vivo functions. Abdominal-A (AbdA) is more complex, using multiple conserved motifs in a contextdependent manner. Lastly, Ultrabithorax (Ubx) is the most flexible, in that it uses multiple conserved motifs that function in parallel to regulate target genes in vivo. We propose that using different binding mechanisms with the same cofactor may be one strategy to achieve functional specificity in vivo.
U nderstanding the molecular processes by which gene expression is regulated remains at the core of many biological questions. The predominant model of eukaryotic gene regulation emphasizes the role of site-specific transcription factors in target gene selection. The initial binding of these transcription factors anchors the rest of the transcriptional regulatory complex, or enhanceosome, to the target site. Recruitment of additional proteins is often required to determine the regulatory sign, whether a gene is activated or repressed, and if this state will be maintained. In some cases, the DNA sequence can provide considerable insight into which other proteins are recruited (1) . However, enhanceosome formation also requires protein-protein interactions: Mutational analyses of transcription factors demonstrate that sequences outside of the DNA-binding domain can influence regulatory activity, in part, by influencing the assembly of DNA-bound protein complexes (2, 3) .
The homeotic selector (Hox) proteins provide a powerful system in which to study the role of protein-protein interactions in enhanceosome formation and transcription factor function. Best known for their role in anterior-posterior patterning, Hox proteins contain a highly conserved DNA-binding domain, termed the homeodomain (4). Although most homeodomains bind similar AT-rich sequences in vitro (5) , each Hox protein displays a high level of functional specificity in vivo (6) . These observations imply that residues outside of the DNA-binding domain influence specificity in vivo. One way Hox proteins achieve higher specificity is through cooperative interactions with DNA-binding cofactors, such as Extradenticle [Exd in Drosophila, Pre-B-cell leukemia homeobox (Pbx) in vertebrates] and Homothorax [Hth in Drosophila, Myeloid ecotropic viral integration site (Meis) in vertebrates] (7, 8) . Exd and Hth, both members of the three-amino acid loop extension (TALE) family of homeodomain proteins, are obligate dimer partners for both nuclear translocation and transcriptional activity in vivo (9, 10) . Previous genetic analyses highlight the importance of exd and hth for Hox function during embryogenesis (10) (11) (12) . In addition to Exd and Hth, the abdominal Hox proteins Ultrabithorax (Ubx) and AbdominalA (AbdA) have the ability to bind cooperatively with another homeodomain protein, Engrailed (En) (1) . As with Exd-Hth-Hox interaction, En-Hox-DNA complex formation has been shown to be critical for Hox-mediated gene regulation in vivo (1).
Biochemical and X-ray crystallography studies identified the highly conserved Hox motif called YPWM as one mode by which Hox proteins interact with Exd-Hth. However, despite being evolutionarily conserved and present in most Hox proteins, the importance of the YPWM motif appears to vary (2) . For example, although vertebrate Hoxa1 and Deformed (Dfd) require the YPWM motif for Pbx/Exd-dependent functions (13, 14) , Ubx and AbdA do not require YPWM for some Exd-dependent functions (15) (16) (17) (18) (19) . In the case of Ubx and AbdA, a shared sixamino acid motif C-terminal to the homeodomain, termed UbdA, has also been suggested to contribute to interactions with Exd (17, 18, 20) . Interestingly, in addition to UbdA, both Ubx and AbdA have other evolutionarily conserved residues in the C terminus that may also be important for mediating Hox functions in vivo (16, (21) (22) (23) . These C-terminal sequences, which are distinct in Ubx and AbdA, could modify UbdA-dependent interactions so that its function may not be equivalent in both proteins. Further, the presence of multiple Exd interaction motifs poses the question of what determines which mode of interaction is most relevant for a given in vivo function. In the case of Ubx, both the protein context and the target site have been suggested to influence how individual motifs are used (18) .
Currently, it is generally unknown how different modes of cofactor interaction influence Hox specificity. In the case of Sex combs reduced (Scr), structural studies demonstrated that the YPWM-Exd interaction helps position amino acids of the Hox linker region, which separates YPWM from the homeodomain, to make critical contacts in the minor groove of a specific DNAbinding site (24) . These observations raise the possibility that other modes of Exd-Hox interaction could also alter the way in which these protein complexes recognize and bind to their target DNA sequences. In addition, alternate modes of protein-DNA complex formation may have an impact on the recruitment of coactivators and corepressors, as has been suggested for the glucocorticoid receptor (25) .
In the current study, we use a comparative approach to characterize conserved sequence motifs for three Hox proteins and analyze their requirement for different in vivo functions. We demonstrate that the YPWM motif is critical for Scr to carry out Exd-dependent functions in vivo. In contrast to the single Exd interaction motif of Scr, AbdA and Ubx are more complex. In addition to the previously described YPWM and UbdA motifs, both AbdA and Ubx have other conserved motifs that contribute to cooperative complex formation with Exd-Hth in vitro. However, the in vivo requirements for conserved motifs vary according to the Hox protein. AbdA uses motifs in a context-dependent manner, whereas Ubx is more flexible, with some motifs apparently acting in a redundant manner for certain readouts. Our results suggest that having multiple sequence motifs adds complexity to the assembly and function of Hox complexes in vivo. (24, 26) . Because, as shown below, some Hox proteins have multiple YPWM-like motifs, we rename them here as W motifs and number them according to their proximity to the homeodomain. To test the requirement of Scr's single W motif, we constructed a mutant variant in which this sequence (YPWM) was mutated to four alanines (Scr-W1A; Fig. 1B ). This mutant was assayed both for its ability to bind cooperatively with Exd to DNA in vitro and to perform Exd-dependent functions in vivo. One well-characterized readout is the Scr-specific target gene forkhead (fkh), which uses a Scr-Exd DNA-binding site, fkh250, for in vivo regulation (27) . Although strong cooperative binding was observed for Scr-WT and Exd to fkh250, Scr-W1A was unable to bind cooperatively with Exd to this site (Fig. 1A) . In contrast, both Scr-WT and Scr-W1A were able to bind to DNA as monomers in vitro (Fig. 1A) , demonstrating that these proteins are still competent to bind DNA.
Results
To test both WT and mutant proteins for in vivo function, we used the Gal4-upstream activation sequence (UAS) system to misexpress WT and mutant versions of Scr in vivo (28) . In WT embryos, endogenous expression of Scr activates fkh250-lacZ only in parasegment 2 (Fig. 1C) . When Scr was ubiquitously expressed throughout the embryo, ectopic activation of the fkh250-lacZ reporter gene was observed (Fig. 1D ). In contrast, Scr-W1A was unable to activate this reporter (Fig. 1E ). Scr-W1A was also analyzed for its ability to induce homeotic transformations of the larval cuticle. When WT Scr was ubiquitously expressed throughout the embryo, ectopic hairs similar to those found in the first thoracic (T1) segment (called the T1 beard, Fig.  1F ) were observed in additional segments ( Fig. 1H compared with Fig. 1G ). In contrast, ubiquitous expression of Scr-W1A did not induce any ectopic beard (Fig. 1I) . However, both Scr-WT and Scr-W1A were able to repress the Exd-independent target spalt (sal) in the wing imaginal disk, demonstrating that Scr-W1A is still an active transcription factor (Fig. S1 ). From these results, we conclude that Scr's W motif is crucial to form cooperative complexes with Exd in vitro and to execute Exd-dependent but not Exd-independent functions in vivo. These observations are consistent with the finding that severely truncated forms of Scr that retain its W motif and homeodomain retain the ability to generate Scr-like transformations in vivo (26) .
Multiple Conserved Motifs Contribute to Exd-Dependent Functions of
AbdA in a Context-Dependent Manner. In addition to its classic YPWM motif (AbdA-W2, Fig. 2A ), AbdA has another putative cofactor interaction motif C-terminal to its homeodomain, UbdA (AbdA-U, Fig. 2A ) (29) . Based on sequence conservation among arthropods, we identified two additional sequence motifs: the W motif TDWM (AbdA-W1) and RRDR (AbdA-R), Cterminal to UbdA (Fig. S2) . To test the role of each motif, both individually and in combination, we made a series of AbdA mutants ( Fig. 2A) . In the abdomen of the developing embryo, AbdA normally represses the limb-forming gene Distalless (Dll) to restrict leg development to the thorax (30) . Previous studies characterized the DNA-binding sites that abdominal Hox proteins and their cofactors use directly to repress Dll in the abdomen (1, 31) . We analyzed the contribution of the conserved motifs of AbdA for cooperative complex formation with Exd/Hth on the DMX-R-binding site (Fig. 2B ). All these motifs individually, except for W1, contribute to AbdA's ability to form complexes with Exd-Hth on the DMX-R1-binding site (Fig. 2B) . Moreover, we often observed an additional reduction in complex formation when multiple motifs were mutated, suggesting that they contribute in an additive manner to complex formation with Exd-Hth. For example, the W1&2A;RA mutant (in which W1, W2, and RRDR motifs are mutated) was significantly impaired in complex formation compared with the W1&2A or the RA mutant individually (Fig. 2B) . In contrast, when binding was assayed on a different site (rhoA), where the functional interaction is between AbdA and Hth (32, 33), complex formation was only minimally affected, suggesting that these motifs contribute specifically to Exd-dependent DNA binding (Fig. S3) .
We next compared the ability of each mutant to repress Dll in vivo using prdGal4 to drive expression of AbdA variants in the second thoracic segment (T2). WT Dll expression in the first and third thoracic segments, where prdGal4 is not expressed, was used as reference (T1 and T3, respectively; Fig. 3 A-K) . These data parallel the in vitro results: Most motifs contribute to Dll repression to some extent and often show additive affects when tested in combination. For example, additional loss of Dll repression was observed for the W1&2A mutant compared with the two single mutants ( Fig. 3E compared with Fig. 3 C and D) , as well as for the W1&2A;RA mutant compared with W1&2A and RA ( Fig. 3I compared with Fig. 3 E and F) . Unlike the W motifs, UbdA is necessary for all the in vivo functions of AbdA analyzed (Fig. 3 G and R) . For example, mutation of UbdA (UA) alone abolished AbdA's ability to repress Dll (Fig. 3G) . Therefore, no additive effects were observed in compound mutants containing mutations in UbdA (Fig. 3 H, J , and K). However, although necessary, UbdA is not sufficient to impart WT repressive ability: The AbdA-W1&2A;RA mutant, in which UbdA is still intact, did not repress Dll (Fig. 3I) . As with the Scr-W1A mutant, all the AbdA mutants were able to repress sal in the wing imaginal disk (Fig. S4) , demonstrating that these proteins are still active transcription factors and that the motifs mapped here are required for Exd-dependent functions in vivo.
AbdA also patterns the denticle belts in the second through eighth abdominal segments (A2-A8) of the Drosophila larva (34) (WT A2 shown in Fig. 3W ). Ectopic expression of AbdA causes homeotic transformations to A2 in segments anterior to the WT A2 segment (16) (Fig. 3M compared with Fig. 3L ). By ubiquitously misexpressing AbdA variants throughout the embryo, we tested the effect that different mutations have on the ability to confer segment identity (Fig. 3 M-V) . Similar to loss of Dll repression, mutation of UbdA alone or in combination with other motifs prevented abdominal-like transformations (Fig. 3 R, S , U, and V). However, AbdA mutants in which UbdA was intact were able to induce strong abdominal transformations (Fig. 3 N-Q  and T) . Comparing the contribution of each motif for different AbdA functions therefore suggests that motif use is targetdependent. For example, although W1&2A;RA, which has an intact UbdA motif, still induced AbdA-like cuticle transformations, it did not repress Dll (Fig. 3 I and T) .
Ubx Has a Different Requirement for Motifs Shared with AbdA. Based on the knowledge gained from the AbdA analyses and sequence conservation (Fig. S5) , we performed a similar structure-function study of another abdominal Hox protein, Ubx, which is a repressor of Dll like AbdA. Also like AbdA, Ubx has multiple conserved W motifs and a UbdA motif, as well as a previously identified QA motif in an analogous location to the RRDR motif of AbdA (Fig. 4A) . However, unlike AbdA, point mutations in Ubx's UbdA motif (to AALVAV) did not hinder cooperative complex formation with Exd-Hth on DMX-R1 in vitro or the ability to repress Dll in vivo (Fig. S6 A-D) . Previous studies have shown that a different set of point mutations in the UbdA motif (to VVLIVA) prevented cooperative complex formation with Exd-Hth on DMX-R1 (17) (Fig. S6A) . However, we find that this set of point mutations (but not the AALVAV mutant) resulted in a decrease in the ability of Ubx to bind DNA as a monomer (Fig. S6 A and E) . Therefore, any decrease in cooperative complex formation observed with the VVLIVA mutant may not be attributable to a loss of interaction with Exd/Hth but, instead, to the compromised ability of this mutant to bind any DNA sequence. Moreover, and in agreement with the AALVAV UbdA mutant, deletion of the entire C terminus (Ubx-CTΔ), including the UbdA motif, did not affect its ability to repress Dll or induce homeotic transformations in vivo (Fig. 4 D and P) . Thus, although the UbdA motif is critical for AbdA to execute its in vivo functions, it is dispensable in Ubx.
Starting with the Ubx-CTΔ mutant, we then mutated each of four potential W motifs (Fig. 4) . Surprisingly, all these mutants, even when all putative W motifs were mutated in the context of Ubx-CTΔ, were able to repress Dll (Fig. 4 D-G) . Moreover, all these Ubx mutants were also able to activate dpp674-lacZ, an Exd-dependent Ubx target in the visceral mesoderm (20, 35) (Fig. 4 J-M) . Ubx also controls the formation of a specific pattern of denticles in the first abdominal segment (A1) of Drosophila larvae (36) (Fig. 4T) . Ectopic expression of Ubx causes homeotic transformations to A1 in segments anterior to the WT A1 segment (37, 38) (Fig. 4O compared with Fig. 4 N and T) . Remarkably, all mutants in the CTΔ series were also able to transform T2 to an A1-like identity (Fig. 4 P-S) . Similar results for Dll repression, dpp674-lacZ activation, and cuticle transformation were obtained when the same series of mutations was tested in the context of a shorter isoform of Ubx, UbxIVa, in which a small portion of the linker region is removed by alternative splicing (39) (Fig. S7) . Unfortunately, truncation mutants aimed at identifying essential sequences in the N terminus were uninformative because of a lack of nuclear localization and/or instability of the truncated proteins in vivo. However, it is unlikely that the Ubx N terminus has additional non-W motifs for interacting with Exd because mutating the W motifs in Ubx-CTΔ effectively eliminated cooperative complex formation with Exd on the DMX-R1-binding site (Figs. S7B and S8) . Therefore, these results raise the possibility that Ubx may execute these in vivo functions, at least in part, in an Exd-independent manner.
Ubx Homeodomain and C Terminus Are Sufficient for Several in Vivo
Functions. Although the sequences C-terminal to the Ubx homeodomain are dispensable for Dll repression, sequences Nterminal to the homeodomain are also dispensable: A severely truncated form of Ubx that begins at the homeodomain (Ubx-NTΔ, Fig. 5A ) was a potent repressor of Dll (Fig. 5E ). This mutant, which has no W motifs, was also able to activate dpp674-lacZ in the visceral mesoderm (Fig. 5K ) but was compromised in its ability to generate a T2-to-A1 homeotic transformation (Fig. 5Q) . The activity of this protein is particularly striking because it only consists of the homeodomain, the UbdA motif, the QA motif, a polyalanine stretch, and eight C-terminal residues that are not conserved (Fig. S7) . When either UbdA or QA was mutated in the NTΔ context, we observed a partial reduction in the ability to repress Dll (Fig. 5 F and G) . This reduction in repression correlated with a reduction in the ability of these mutants to bind cooperatively with Exd-Hth to DMX-R1 in vitro (Fig. 5B) . Additionally, NTΔ;UA and NTΔ;QA induced very weak homeotic transformations (Fig. 5 R and S) , but both were able to activate dpp674-lacZ (Fig. 5 L and M) . When both UbdA and QA motifs were mutated in the NTΔ context, the protein was completely unable to repress Dll, activate dpp674-lacZ, and induce Ubx-like homeotic transformations (Fig. 5 H, N, and T) . Significantly, all these proteins, even NTΔ;UA;QA, were able to repress sal in the wing imaginal disk, demonstrating that they are all still functional transcription factors in vivo (Fig. S9) . Together, these data reveal that Ubx is remarkably flexible in its ability to use different motifs to execute its various functions in vivo. Moreover, despite many 
UbdA Mediates Cooperative Complex Formation with En.
Previous studies demonstrated that Exd and Hth are not the only homeodomain proteins that Hox factors can bind DNA cooperatively with: Both Ubx and AbdA also bind cooperatively with En to the Dll DMX-R element (1). Using in vitro DNA-binding assays, we find that in addition to mediating cooperative complex formation with Exd-Hth (Fig. 2B and Fig. S8) , the UbdA peptide contributes to cooperative DNA binding with En (Fig. 6) . However, there are interesting differences in the way in which these two Hox proteins interact with En. For both Ubx and AbdA, the homeodomain plus UbdA peptide were sufficient to form cooperative complexes with En in vitro (Fig. 6A) . However, Ubx but not AbdA bound cooperatively with En in the absence of all sequences C-terminal to the homeodomain (Fig. 6B) , suggesting that Ubx has additional sequences in its N terminus or homeodomain that are sufficient to mediate cooperative binding with En. Together with the Exd-binding experiments described above, these results demonstrate that UbdA can mediate complex formation with more than one cofactor. Moreover, they also highlight that the same evolutionarily conserved motif, UbdA, is essential in one context (AbdA) but dispensable in another context (Ubx).
Discussion
Cooperative DNA binding with cofactors increases the specificity of many transcription factors, including Hox proteins. In the case of Hox and Exd, physical interactions between these factors are critical for complex formation: The conserved YPWM motif, present in nearly all Hox proteins, directly contacts Exd's homeodomain (2) . However, additional analysis of Hox proteins and their target genes has indicated that the W-Exd interaction is not the only mode of Hox-Exd interaction (13) (14) (15) (16) (17) (18) . Indeed, we demonstrate that there are a surprisingly large number of different ways in which Hox proteins functionally interact with cofactors, even when regulating the same target gene.
Increasing Specificity Using a Shared Cofactor. Considering the sequence similarities between the Hox homeodomains and YPWM motifs, it is surprising that the same cofactor can increase DNA binding and functional specificity for Hox family members. As a counterexample, the Sry-related HMG box (SOX) family of transcription factors uses different cofactors in different developmental contexts to regulate specific target genes (40) . Hox proteins are unusual in that they all have the ability to use the same cofactor, Exd, when executing many of their in vivo functions (7) . One way to increase specificity using a single cofactor may be through changing the mode of interaction. Accordingly, we find that of the three Hox proteins analyzed, each uses a different repertoire of binding mechanisms for regulating Exddependent target genes.
Based on our data and previous studies, we suggest that the W motif provides Hox proteins with a basal, shared mechanism for interacting with Exd. Interestingly, other non-Hox proteins, such as En and Myogenic differentiation (MyoD), also use tryptophan residues to interact with Exd and Pbx (41, 42) . In the case of Scr, a single W motif is necessary for Exd-dependent functions. However, the abdominal Hox proteins Ubx and AbdA use more complex binding mechanisms. AbdA has an additional W motif, TDWM, as well as sequences in its C terminus that contribute, in a context-dependent manner, to the regulation of Exd-dependent targets. The observation that motifs are differentially required depending on the in vivo function suggests that motif utilization may play a role in target site recognition and gene regulation. Previous studies demonstrated that for Scr, interaction of its W motif with the Exd homeodomain helps position paralog-specific residues of the linker region in the minor groove of a specific binding site (24) . Although additional structural studies are needed to address this question fully, we speculate that the alternative modes of Hox-Exd interaction described here may function in an analogous manner by directly affecting the way Hox proteins interact with DNA. It is also possible that Exd-Hox interactions alter the way in which the homeodomain docks onto DNA. In support of this idea, previous studies have shown that sequences immediately C-terminal to the homeodomain can play a role in homeodomain structure and specificity (43, 44) . Consistently, we find that mutating the UbdA motif in Ubx can adversely affect the ability of the homeodomain to bind DNA, even in the absence of Exd (Fig. S6) .
Our results also reveal that despite sharing binding sites and having several similar conserved sequence motifs, Ubx uses a more complex binding mechanism compared with AbdA. Ubx displays impressive flexibility, in that neither sequences N-nor Cterminal to its homeodomain are required for executing some of its functions in vivo (Figs. 4 and 5 ). Ubx's complexity is further enhanced by the possibility of an Exd-independent mechanism based on the ability of some mutants to function in vivo despite their inability to bind cooperatively with Exd/Hth in vitro (Fig. 4 and Fig. S8 ). However, because our readout for Dll expression is protein expressed from the native Dll locus (as opposed to a reporter construct), we cannot rule out the possibility that Ubx has the ability to bind cooperatively with Exd to other, as yet unidentified, DNA-binding sites using sequences still present in the W1,2,3&4A;CTΔ mutant.
In addition to the possibility of altering Hox-DNA recognition, the fact that some Hox proteins have more and qualitatively distinct cofactor interaction motifs may be relevant to phenotypic suppression (also called posterior dominance), where more posterior Hox proteins posttranslationally suppress anterior Hox functions (37, 45, 46) . Consistent with this notion, the presence of additional posterior-specific cofactor interaction motifs, such as AbdA's UR motif, endows posterior Hox proteins with the ability to outcompete and phenotypically suppress more anterior Hox proteins (47) .
Navigating Multiple Cofactors. Lastly, our data suggest that multiple interaction motifs may help Hox proteins facilitate interactions with other cofactors. In the case of AbdA and Ubx, cooperative complexes on DMX-R include both Exd and En. Using in vitro DNA-binding assays, we found that the UbdA peptide is necessary and sufficient for AbdA to form cooperative complexes with En. Additional structural studies will be necessary to understand the exact mechanism for how a single motif can mediate interaction with multiple cofactors; however, we speculate that having additional Exd-interaction motifs leaves UbdA free to interact with En. Alternatively, UbdA could act as a bridge between the two cofactors, helping to anchor both to the DMX-R-binding site. Interestingly, UbdA is not required for Ubx to form cooperative complexes with En, again suggesting that the same motif has distinct properties in different Hox proteins. In addition, these results suggest that Ubx has other mechanisms that further enhance its flexibility. Additional homeodomaincontaining proteins, such as Hth (and Meis in vertebrates), have been suggested to interact with Hox proteins (reviewed in 8). Although specific interaction motifs have yet to be identified, our data suggest, at least in the case of AbdA-Hth-Exd on the rhoA enhancer, that the motifs examined here are not critical for these interactions. It is curious that although Hth is also a TALE class homeodomain, the tryptophan-containing motifs are not playing a measurable role in complex formation on this target in vitro (Fig. S3) . From the data presented here, it is clear that the relationship between Hox proteins and their cofactors is not only complex but critical for how functional specificity is achieved.
Methods
Genetic Manipulations and Immunohistochemistry. Additional information regarding cloning and generation of transgenic UAS lines is provided in SI Methods. UAS lines were chosen to express similar levels of tagged Hox proteins. Either AG11-GAL4 or prd-GAL4 was used for ectopic expression as indicated. Flip-out clones were generated using hs-flp; act<y<Gal4, UAS-GFP. Antibodies used are described in SI Methods. Z-series of embryos were collected on a Leica SP5 confocal microscope. Cuticle images were collected on a Zeiss Axioplan 2 microscope.
EMSAs. EMSAs were carried out as previously described (31) . Cooperative DNA binding was calculated as a ratio of the amount of mutant Exd-Hth complex to the amount of WT Exd-Hth complex in the same gel. Proteins were all purified after their expression in Escherichia coli. Details regarding expression constructs, production and purification from E. coli, and specific EMSA conditions are provided in SI Methods.
